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ABSTRACT 
A micro-chemical study of ancient mortars has been performed with the aim to evaluate merits and 
potential of Laser-Induced Breakdown Spectroscopy (LIBS) technique in determining composition of 
mixtures and evaluating the reactivity of volcanic aggregates, taking advantages from its micro-destructivity 
and no sample preparation requirements. 
LIBS maps have been acquired on areas of about 25 mm2 on a set of mortars suitable characterised by the 
occurrence of volcanic rock fragments with a relevant range in grain size. Na, Mg, Al, Si and Ca have been 
detected and raw maps have been processed using appropriate image processing and statistical methods 
(i.e.: PCA, false colour images, self-organized maps). 
The compositional images have been evaluated and interpreted in the light of the supporting data 
obtained by classical optical microscope and SEM-EDS methods. Results evidenced the possibility to employ 
LIBS for a preliminary micro-chemical characterization of mortars, revealing also the potentiality of the 
method to provide compositional and spatial distribution data on aggregate grains and hydraulic phases. 
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1. INTRODUCTION 
Chemical analyses on ancient construction mate-
rials, often coupled with mineralogical and petro-
graphic studies, are usually included in routine 
characterization methods finalized to identify raw 
materials and manufacture processes, and to support 
restoration procedures in the cultural heritage field 
(Elsen et al., 2004; Pavía & Caro, 2008; Velosa et al., 
2007; Izzo et al., 2016; Liritzis et al., 2015; Hemeda, 
2013). 
Among cultural materials, mortars stand out for 
their wide diffusion in buildings and ancient struc-
tures, with an outstanding range of functions and 
manufacture receipts. The characterization of binder 
and aggregates composition in ancient mortars is 
often useful to identify the construction phases and 
to recognize the technologies used in different his-
torical periods (Morricone et al., 2013; Miriello et al., 
2010, 2015; Lezzerini et al., 2014, 2017; De Luca et al., 
2015; Columbu et al., 2017). Moreover, the possibility 
to discriminate, on a chemical basis, different fea-
tures of mortars employed in a certain building, can 
address information of the possible changes in reci-
pes over the time and over various construction and 
restoration phases (Gallello et al., 2017).  
Apart from binder, aggregates have a key role in 
determining the final proprieties of mortars; in an-
cient structures, the choice of aggregates of different 
nature, shape and grain size were often related to 
aesthetical vs. practical utility requirements. Since 
Roman Age, aggregates containing reactive materi-
als were added to lime with the aim of conferring 
hydraulic character to such mixtures. Natural and 
artificial reactive aggregates, namely pyroclastic vol-
canic ash and cocciopesto, were mainly employed to 
achieve this scope (Marra et al. 2011, 2013; Fichera et 
al., 2015; Columbu & Garau, 2017; Yassen et al., 
2013). The activity of volcanic ash in lime mixtures is 
mainly related to the binder/aggregate ratio, the 
specific surface of active components able to react, 
the water content and the environmental curing 
conditions. Some studies have been recently per-
formed to highlight the influence of volcanic aggre-
gates in carbonation rate (Cultrone et al., 2005) as 
well the role of aggregates proprieties in reactivity 
rate (Walker & Pavía, 2011). Generally, higher the 
fine-grained glassy components of volcanic aggre-
gates is, higher the reactivity is. 
The identification of amorphous hydraulic phases 
is quite easy to achieve by mineralogical, spectro-
scopic and chemical methods (Paama et al., 1998; 
Franzini et al., 2000; Elsen, 2006); on the contrary, the 
visualization and the spatial distribution of hydrate 
compounds in the mortar matrix in relation to crys-
talline/glassy reactive aggregates arrangement is 
less common (Belfiore et al., 2016). Such information 
appears quite relevant in better understanding the 
reactive character of different types of natural reac-
tive aggregates such as volcanic ash. 
Being able to provide chemical elemental compo-
sition of samples without preparation and in very 
short running time, Laser-Induced Breakdown Spec-
troscopy (LIBS) technique has been recently pro-
posed for ancient material characterization (Spiz-
zichino & Fantoni, 2014). The method, based on the 
creation, emission and analysis of a micro-plasma 
created from a sample surface by a pulsed laser 
beam, allows detecting and, eventually quantifying, 
light- and high-Z elements; moreover, thanks to its 
high spatial resolution, the technique is able to pro-
vide elemental maps of a surface. Recent literature 
has evidenced the drawbacks of the method, the dif-
ferent equipment available for both laboratory and 
in situ analysis, as well advantages in cultural heri-
tage application (Giakoumaki et al., 2007; Gaudiuso 
et al., 2010). LIBS has been also tested and success-
fully employed in natural and artificial stone materi-
als characterization, even by using remote sensing 
apparatus (Wilsch et al., 2005; Gaona et al., 2013). In 
mortars studies, LIBS has been demonstrated a use-
ful tool in providing fast, micro-destructive and easy 
qualitative compositional information about binder 
and aggregate grains in ancient mortars, giving in-
formation also on the textural arrangement of mix-
tures components (Pagnotta et al., 2017). 
To explore potentialities of the method in describ-
ing the reactivity of volcanic ash aggregates in an-
cient mortars, LIBS maps have been acquired on a 
selection of samples characterized by a wide range of 
crystalline/glassy texture, grain size and thickening.  
Materials have been sampled from a Norman 
watchtower located in Sicily, namely Adrano Castle 
(Figure 1), recently interested by restoration works 
and for which a long debate about construction 
phases and manufacture techniques in mortar design 
are still open due to the lack and fragmentary nature 
of historical information. The interest about the Cas-
tle is primary due to its role in the regional territorial 
control, being part of a wider system of fortification 
established by Normans to control the Sicilian is-
land, as well to its peculiar aesthetical features, 
namely the occurrence of covering mortars charac-
terized by volcanic ash aggregates ranging from 
coarse- to fine-grained. 
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Figure 1. (a) Localization of the site and map of the watchtowers network around Mt. Etna; (b) Picture of the tower; (c) 
examples of façades mapping from Raneri et al. (2017). 
 
Previous works performed during diagnostic sur-
veys finalized to support restoration works by map-
ping the façades (Raneri et al., 2017) demonstrated 
the possible multiple function of such aggregates, 
including also aesthetical reasons. In fact, samples 
studied and collected at each of the fourth level of 
the structure and from the different facing of the 
tower demonstrated the occurrence of a gradation in 
grain size of the aggregates from the outer strata to 
the inner ones.  
Both archaeometric aspects, i.e. the potential of 
micro-chemical analysis in mapping and describing 
reactivity of volcanic aggregates, and methodologi-
cal ones, i.e. the relation between receipts (different 
grain size and nature of aggregates) and levels of the 
tower, are the main aims of this study, in which LIBS 
technique was applied with the support of SEM-EDS 
and petrographic methods. 
The obtained results have been employed to: (i) 
validate the applied approach in mortars studies, 
highlighting the possible variation in reactivity de-
gree depending on the grain size of aggregates; (ii) 
inspect the craftsmen’s knowledge related to the dif-
ferent recipes employed over the structure, possibly 
linked to different construction phases. 
2. MATERIALS 
The diagnostic study on the materials used to 
build the Adrano Castle façades have allowed to 
point out the presence of different mortars, all of 
them characterized by volcanic sand aggregates with 
different grain size. A total of 10 stratigraphic units, 
each of them including three to four levels from the 
outer strata to the wall blocks, have been sampled 
from the tower façades. Details about samples and 
sampling areas are listed in Table 1. Overall, the fol-
lowing mortars can be identified:  
- Type A: whitish-grey binder, with lumps and 
coarse grained volcanic aggregates angular in shape; 
this mixture occurs mainly on the first two levels of 
the tower façades, in the outer stratigraphic position;  
- Type B: friable and degraded mortar whitish-
grey in colour, with medium-fine volcanic aggre-
gates, lumps and low layer cohesion; this mortar 
occurs irregularly up to the third level of the tower, 
usually underneath type A mixture; 
- Type C: white binder, coarse-grained volcanic 
aggregates angular in shape, with lumps and me-
dium-high cohesion, identified on all the façades 
from the lower to the upper levels of the tower, and 
usually occurring as outward covering mixture; 
- Type D: white binder, fine-grained volcanic ag-
gregates, rare cocciopesto, medium-high cohesion and 
discontinuously covered by a pale-red plaster, dis-
tributed along all the façades, underneath type C; 
- Type E: white binder plaster resembling type D, 
but in a different stratigraphic position and charac-
terized by coarser-grained inclusions; 
- Type F: heterogeneous grey binder characterized 
by high cohesion, quartz sand aggregates and vol-
canic coarse-grained aggregates, not systematically 
covered by a pale-red coloured layer and occurring 
especially from the third tower level on all the fa-
çades. 
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Table 1. Macroscopic features of mortar samples. The alphanumeric name of the samples accounts a letter indicating the 
facing, a Roman number indicating the level and an Arab number indicating the stratigraphic position (from outer to 
inner strata). 
 
3. EXPERIMENTAL 
Micro-LIBS setup based on a Modì double-pulse 
instrument has been employed for acquiring chemi-
cal maps on small pieces remaining from thin section 
preparation. In the instrument, the laser pulse is sent 
through the Modì articulated arm into a Zeiss Axio 
microscope, and then focused onto the sample. The 
use of a double-pulse system for LIBS micro-analysis 
has been proven suitable for the analysis of mortars 
(Pagnotta et al., 2017). The typical diameter of the 
craters produced is around 20 µm, using a 5+5 mJ 
energy of the laser pulses (about 20 ns FWHM). The 
delay between the pulses was set at 1 µs. The LIBS 
signal was collected by an optical fibre, placed at 45 
degrees with respect to the laser direction, at a dis-
tance of about 1 cm from the sample; a ball lens in 
front of the fibre guarantees the optimal collection of 
the LIBS signal from the whole plasma. The Modì 
instrument uses an Avantes double spectrometer 
(AvaSpec-2048-2), which covers the spectral region 
from 190 to 900 nm (0.1 nm resolution from 190 to 
450 nm, 0.3 nm resolution from 450 to 900 nm). The 
element maps were acquired on a 50x50 matrix (2500 
LIBS spectra) with a lateral resolution of 100 µm for a 
total scanned area of 25 mm2. The elements mapped 
on the mortar’s surface are reported in Table 2, along 
with the central wavelength of the emission line 
used. 
Façade Level Tower floor Sample ID
1 Binder Colour 
Aggregates Cohesion Type Grain size  Thickening 
N
or
th
 fa
ci
ng
 
I N-I-1 whitish-grey coarse to medium high friable A N-I-2 whitish-grey medium to fine medium-low friable B 
II 
N-II-1 gray coarse to medium high very tough F 
N-II-2 white medium to fine medium-low tenacious D 
N-II-3 white coarse to medium high tenacious C 
N-II-4 whitish-grey medium to fine medium-low friable B 
III 
N-III-1 grey coarse to medium high very tough F 
N-III-2 white medium to fine medium-low tenacious E 
N-III-3 white coarse to medium high tenacious C 
N-III-4 white medium to fine medium-low tenacious D 
IV N-IV-1 grey coarse to medium high very tough F N-IV-2 white coarse to medium high tenacious C 
So
ut
h 
fa
ci
ng
 
II 
S-II-1 whitish-grey coarse to medium high friable A 
S-II-2 white medium to fine medium-low tenacious D 
S-II-3 whitish-grey medium to fine medium-low friable B 
III 
S-III-1 gray coarse to medium high very tough F 
S-III-2 white coarse to medium high tenacious C 
S-III-3 whitish-grey medium to fine medium-low friable B 
S-III-4 white medium to fine medium-low tenacious D 
W
es
t f
ac
in
g II 
O-II-1 white medium to fine medium-low tenacious D 
O-II-2 grey coarse to medium high very tough F 
O-II-3 white coarse to medium high tenacious C 
O-II-4 grey coarse to medium high very tough F 
III 
O-III-1 grey coarse to medium high very tough F 
O-III-2 white coarse to medium high tenacious C 
O-III-3 white medium to fine medium-low tenacious E 
O-III-4 white coarse to medium high tenacious C 
Ea
st
 fa
ci
ng
 
II 
E-II-1 grey coarse to medium high very tough F 
E-II-2 whitish-grey coarse to medium high friable A 
E-II-3 whitish-grey medium to fine medium-low friable B 
III 
E-III-1a whitish-grey coarse to medium high friable A 
E-III-2a white coarse to medium medium-low tenacious C 
E-III-3a white medium to fine medium-low tenacious D 
E-III-1b white coarse to medium medium-low tenacious C 
E-III-2b white medium to fine medium-low tenacious D 
E-III-3b white medium to fine medium-low tenacious D 
E-IV-4b white medium to fine medium-low tenacious E 
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Table 2 Elements mapped and central wavelength 
of the emission line. 
Element λ (nm) 
Na 589.0 
Mg 279.6 
Al 309.3 
Si 288.2 
Ca 393.4 
 
Although the LIBS technique would allow a quan-
titative determination of the elemental composition 
of the sample (Tognoni et al., 2002), the analysis has 
been limited to the qualitative mapping of the binder 
and aggregate compositions. Chemical maps ob-
tained by LIBS have been processed by using statis-
tical and image processing methods. 
The mortar characterization has been comple-
mented by the support case of Earth Sciences classi-
cal methodologies; in detail, Optical Microscopy 
(OM) and Scanning Electron Microscopy equipped 
with an Energy-dispersive X-ray Spectroscopy appa-
ratus (SEM-EDS) have been employed to character-
ize representative samples for each type of mortar 
sampled from façades and tower levels. In details, 
mineralogical and petrographic investigations have 
been carried out on polished thin sections by using a 
Carl Zeiss Axioplan polarizing microscope. Scanning 
electron microscope observations and micro-
chemical compositions of aggregates, lumps and in-
tergranular binders have been performed using a 
Philips XL30 instrument equipped with an energy 
dispersive spectrometer EDAX (standardless soft-
ware DXi4) with 20 kV acceleration voltage, 0.1 nA 
beam current, and 100 s live time. 
4. RESULTS 
4.1. Preliminary mineralogical and 
petrographic characterization 
With the aim to support the applied experimental 
micro-chemical approach, thin section analysis has 
been carried out on samples representative of the 
different mortars identified by macroscopic observa-
tions. From the petrographic point of view, the stu-
died mortar samples exhibit different textures and a 
quite relevant range in binder/aggregate ratio, as 
well as in the morphological and morphometric dis-
tribution of aggregates (Figure 2). In detail, the thin 
section analysis allowed discriminating five groups 
(types A-F). Aggregate/binder ratio ranges from 3:1 
(in types A, C and F) to 1:3 (in B, D and E); the bind-
er is from inhomogeneous and greyish in color (in 
types A and B) to white in color with abundant 
lumps (in types C, D and E). A different appearance 
can be assessed for type F, which is distinguished 
from the other groups for the occurrence of quartz 
sandy aggregates and a not homogenous and dark 
grey binder. The percentage of voids, visually es-
teemed by microscopy, ranges from 10 to 20 vol% 
and consists in primary (capillary voids and shrin-
kage cracks) and secondary porosity (due to dissolu-
tion). 
 
 
Figure 2. Thin sections of representative samples of the different mortars (the long side of the pictures is 3.2 mm long; 
crossed polarised ligh): (a) Type A, sample N-I-1, (whitish-grey binder, with lumps and coarse grained volcanic aggre-
gates angular in shape, high thickening); (b) Type B, sample S-II-3, (white binder, medium-fine volcanic aggregates, 
abundant lumps, low thickening); (c) Type C, sample S-III-2, (white binder, coarse grained volcanic aggregates, with 
rare lumps, low thickening); (d) Type D, sample N-II-2, (white binder, fine-grained volcanic aggregates, very low thick-
ening, rare cocciopesto); (e) Type E, sample O-III-3, (white binder plaster resembling type D, low thickening); (f) Type F, 
sample N-II-1, (not homogeneous dark grey binder plaster with quartz sandy aggregates and volcanic coarse-grained 
aggregates).  
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As regards aggregates, they consist of volcanic 
rock fragments (plagioclases and pyroxenes, plus 
amorphous phases) ranging from crystalline texture, 
typical of Etna basaltic lavas, to cryptocrystalline 
one, even glassy. From the compositional point of 
view, binders seem due to calcite + CSH phases, 
probably obtained by adding fine-grained reactive 
volcanic ash; actually, in some cases, reaction rims 
have been observed related to glassy aggregates. 
4.2. μ-LIBS maps 
In spite of the numerous information achievable 
by µ-LIBS method, the interpretation of the maps is 
not straightforward; the inspection of elemental 
maps might allow evidencing the distribution of ag-
gregate grains, as well possible differences in mine-
ralogical composition of both binders and aggre-
gates. Moreover, in the present case study, the oc-
currence of reaction rims and hydraulic phases could 
be pointed out by the presence of Si-Al-rich areas in 
respect to the calcite-based binder. False color maps 
might contribute to qualitatively describe chemical 
composition of mixtures. In maps of Figure 3, red 
channel accounts Si contribute, while blue and green 
channels describe Ca and Al contents, respectively. 
Based on a qualitative evaluation, it is possible to 
state that studied mixtures exhibit a quite similar 
composition, with false color maps exhibiting more 
or less intense shades of magenta. Exception it is 
sample N-II-1 (type F) in which orange-light red 
areas are prevalent; effectively, the occurrence of 
quartz aggregates evidenced by thin section observa-
tion turns in higher red channel intensity in false 
color maps respect to other mixtures.  
 
Figure 3. Macrophotos and false-colours RGB maps (side of pictures 5 mm) of Si (red), Al (green) and Ca (blue) distribu-
tion in the analysed samples.  
However, the interpretative problems due to lim-
its occurring also in other multispectral-based tech-
niques, concerning for example the representation of 
different bands in only one map, have to be taken in 
account. In this perspective, image processing and 
statistical methods can greatly improve results and 
interpretations. 
For example, considering the ratio between two 
elements, the possible homogeneity/not homogenei-
ty of the binder can be pointed out. In Figure 4a, 
Ca/Mg ratio maps for mortar samples representa-
tive of the studied mixture types are reported; effec-
tively, some differences among samples can be hig-
hlighted, revealing the minimum ratio level for mix-
tures A, C and E.  
Of course, a more comprehensive chemical cha-
racterization of samples requires the analysis of all 
detected elements; for this reason, Principal Compo-
nent Analysis (PCA) has been also applied to the 
acquired images (Jolliffe, 1986; Wold et al., 1987). 
Maps obtained by using this approach might pro-
vide information about the average composition of 
the mixtures, highlighting also possible differences 
in aggregate grains and/or binder composition.  
On the basis of PCA images (Figure 4b) the fol-
lowing considerations can be provided. As regards 
aggregates, as expected, they are clearly separated 
from the binders due to their quite homogenous 
composition along the studied mixtures. Moreover, 
maps reveal useful information about morphology 
and grain aggregates distribution, providing insights 
on thickening and shape, the latter one possibly re-
lated to the crystalline vs. glassy texture of volcanic 
rock fragments (the first sharper than the latter ones, 
exhibiting irregular edges). Concerning binder, the 
ranging in color (from light blue to deep green) is 
coherent with the previously observed variability 
based on calcium and magnesium level, even if the 
possible contribute of silica and alumina have to be 
considered. 
A better visualization of chemical maps can be 
achieved by Self-Organizing Maps (SOM) method, 
known also as the Kohonen Maps method after the 
name of its inventor (Kohonen, 1990). The SOM 
method is extremely useful, among other applica-
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tions, for the automatic segmentation of digital im-
aging, i.e. for the separation of areas characterized by 
different signatures. In our applications, the signa-
ture corresponds to the elemental composition of the 
binder and the aggregates in the mortars. The SOM 
method assigns the image pixels to the closest neu-
ron, in a n-dimension space, where n corresponds to 
the number of elements considered (8, in our case). 
The eight coordinates of the winning neurons can be 
considered as the coordinates of the centroid of the 
cluster or, which is the same to say, as the average 
composition of the members of the cluster. The SOM 
method has the advantage, with respect to other 
methods as the K-means segmentation (Ng et al., 
2006), for example, of not requiring an a priori 
knowledge of the number of clusters. Moreover, the 
SOM method does not make use of any dimensional 
reduction for being effective.  
The processed SOM maps for the studied mortars 
are reported in Figure 4c. The analysis of the images 
might be useful to highlight the possible reactions 
between binders and aggregates, the latter ones 
turning in light areas or dense dotted areas (green 
plus blue channels or green plus red channels) in 
function of qualitative compositional variability of 
the mixtures. Effectively, red-purple rims are quite 
evident along the edge of some clasts of aggregates, 
particularly in relation to irregular in shape frag-
ments of glassy material.  
 
Figure 4. Micro-LIBS maps (side of pictures 5 mm) acquired on representative samples for each identified mortar type. 
(top images) Elemental maps Ca/Mg ratio: the zero intensity (black) corresponds to the minimum peak intensity of the 
ratio, while intensity 255 (white) corresponds to its maximum. (central images) PCA maps (false-color) evaluated on 
the relative abundance of the following elements Na, Mg, Al, Si, Ca. (bottom images) SOM maps. 
4.3. SEM-EDS chemical data 
In order to support the results obtained by LIBS 
and critically evaluate the merits of the method in 
mortar studies, SEM-EDS analysis have been per-
formed on samples previously inspected by micro-
LIBS. Chemical data have been thus employed to 
determine the chemical composition of studied ma-
terials, trying to correlate the possible different reac-
tivity level of volcanic sand in the mixtures in func-
tion of grain size and thickening, as well to compare 
data with micro-LIBS maps. For this purpose, chemi-
cal data collected on lumps, intergranular binders 
and aggregates have been plotted in the ternary dia-
grams CaO+MgO-Al2O3-SiO2 (Fig. 5, Table 3). 
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Table 3. Average chemical EDS data (wt%) and standard deviation collected on lumps, intergranular binders and aggre-
gates in samples representative of the different mortar types. 
Type Analysed fraction Na2O MgO Al2O3 SiO2 P2O5 S K2O CaO TiO2 MnO Fe2O3 CaO+MgO SiO2+Al2O3+Fe2O3 HI
0.19 2.53 0.87 4.19 <0,01 0.34 0.50 90.89 <0,01 <0,01 0.42 93.42 5.49 0.06
0.22 1.23 0.33 2.80 - 0.09 0.35 5.19 - - 0.26
0.54 3.34 3.22 11.38 <0,01 0.82 0.34 76.10 0.28 1.00 3.33 79.44 17.93 0.23
0.76 1.57 0.30 5.70 - 0.39 0.18 13.57 0.08 0.28 0.84
2.81 3.52 20.55 54.08 <0,01 <0,01 2.02 12.99 <0,01 <0,01 3.79
1.64 1.80 8.44 5.33 - - 1.01 5.89 - - 0.98
0.04 5.24 0.11 3.04 <0,01 <0,01 0.05 90.71 <0,01 0.04 0.95 95.95 4.10 0.04
0.02 0.08 0.02 0.02 - - 0.02 0.11 - 0.01
0.44 5.92 1.18 5.54 <0,01 0.37 0.15 84.81 <0,01 0.54 0.92 90.74 7.64 0.08
0.18 1.91 1.51 0.73 - 0.18 0.03 6.05 - 0.39 0.50
4.18 2.92 22.05 52.80 <0,01 <0,01 1.24 11.49 0.99 0.23 4.32
1.72 0.97 8.62 3.62 - - 0.20 4.91 0.75 0.30 0.49
1.02 5.48 2.32 1.01 <0,01 <0,01 0.76 87.71 <0,01 0.59 0.72 93.19 4.05 0.04
0.34 1.57 0.30 0.27 - - 0.33 2.41 - 0.17 0.30
0.36 3.47 2.48 10.03 <0,01 <0,01 0.99 80.62 0.47 0.44 0.91 84.09 13.42 0.16
0.72 1.51 1.46 3.33 - - 0.17 6.21 0.75 0.33 0.13
3.47 1.82 26.10 50.93 <0,01 <0,01 1.08 11.40 <0,01 <0,01 5.19
0.49 0.15 9.32 1.98 - - 0.11 4.58 - - 1.21
0.74 3.84 2.39 0.94 0.49 0.40 0.18 89.42 0.39 0.70 0.56 93.26 3.88 0.04
0.18 1.47 0.64 0.14 0.20 0.13 0.02 3.30 0.07 0.09 0.06
2.01 5.74 3.78 5.66 0.45 0.79 0.35 78.60 0.69 0.78 1.09 84.35 10.52 0.12
0.84 2.66 1.65 2.73 0.03 0.03 0.04 7.89 0.10 0.54 0.74
1.80 0.67 27.41 51.44 <0,01 <0,01 0.55 14.00 0.66 <0,01 3.48
2.17 1.25 5.69 1.93 - - 0.18 2.20 0.15 1.46
<0,01 1.71 0.84 3.55 0.50 0.54 <0,01 90.79 1.01 <0,01 0.66 92.50 5.05 0.05
- 0.53 0.25 0.64 0.01 0.01 - 4.38 0.15 - 0.09
0.96 5.18 3.91 7.22 0.65 1.28 0.41 79.29 <0,01 <0,01 1.20 84.47 12.33 0.15
0.07 1.24 0.56 1.23 0.03 0.10 0.05 1.98 - - 0.05
3.11 2.33 22.32 41.45 <0,01 <0,01 <0,01 9.93 1.67 <0,01 19.88
1.46 1.32 9.91 23.33 - - - 5.56 0.51 - 5.18
0.65 2.11 1.70 0.77 <0,01 <0,01 0.75 93.36 <0,01 <0,01 0.33 95.47 2.80 0.03
0.01 0.16 0.22 0.06 - - 0.01 3.72 - - 0.01
0.34 2.73 2.99 5.47 <0,01 0.61 0.96 85.45 0.21 <0,01 1.08 88.19 9.53 0.11
0.30 0.99 1.11 1.13 0.27 0.09 2.32 0.18 - 0.16
1.99 2.63 13.78 32.87 0.21 <0,01 1.66 40.82 0.90 <0,01 5.26
1.02 2.31 10.40 25.41 0.33 1.02 38.37 1.14 - 4.90
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Figure 5. (a) SEM images as examples of lumps, intergranular binder and glassy aggregates in some studied mortars; (b) 
Ternary diagrams CaO+MgO-Al2O3-SiO2. 
Concerning interaction between binder and ag-
gregates, obtained data suggest that volcanic aggre-
gates are partially responsible of the hydraulic cha-
racter of the binder, as suggested by the plot of in-
tergranular binder composition in ternary diagrams. 
Moreover, a more careful inspection of diagrams 
reveals that slight differences can be observed 
among studied mortar mixture types. Generally, as 
expected, the finer the aggregate is, the more hy-
draulic the binder is; on the contrary, thickening 
seems do not play a relevant role in the determined 
reactivity levels. 
5. DISCUSSION AND CONCLUSIONS 
 In reviewing the merits of micro-LIBS in the pro-
posed application, the following consideration can 
be summarised. Firstly, micro-LIBS maps provided 
useful information about aggregate grains, including 
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their spatial distribution and shape. In the matter in 
question, the possibility to evaluate aggregate grain 
size and discriminate rock fragments (with sharp 
morphology) and volcanic glassy fragments (more 
irregular) can offer insights on the manufacture 
process as well on the effective contribute of reactive 
silicates and aluminates to the hydraulic character of 
the mixtures. Secondly, as regard the mortar binder, 
the Ca/Mg ratio maps revealed the occurrence of 
slight differences among studied samples in regards 
to calcium and magnesium relative abundance, as 
evidenced also by SEM-EDS analysis. The applica-
tion of PCA processing method enlarged the compo-
sitional evaluation of studied materials, allowing 
discriminate homogenous and not quite homoge-
nous mixtures on the basis of the green vs. blue areas 
arrangement. Trying to correlate the false colour dis-
tribution to the chemical composition, SEM-EDS 
data have been employed to calculate HI index of 
intergranular binder (HI = 
(SiO2+Al2O3+Fe2O3)/(CaO+MgO)) and results (Fig. 
6) have been compared with PCA maps. With values 
ranging from 0.08 to about 2, samples exhibiting the 
lower HI values (types B, D and F) show PCA maps 
characterised by green-light green false colour areas, 
while in mortars characterised by a more hydraulic 
character the binder appears deep blue in colour 
(types A, C and E). According to these experimental 
evidences, we can hypothesise a correlation between 
HI and false colour PCA maps, even if the absence of 
iron in PCA calculation has to be taken in account. 
 
Figure 6. HI values calculated for each mortar type on the 
basis of SEM-EDS data. 
Thirdly, going to inspect the possible correlation 
between reactivity level and grain size of aggregates, 
we can state that no strictly relationship was evi-
denced by both LIBS and SEM-EDS analyses. On the 
whole, the constructed triangular diagrams sug-
gested a slightly more reactive behaviour in samples 
with fine-medium grained aggregates (for example 
in mixture types D and C); these data are weakly 
correlated with SOM maps, even if the latter ones 
help to identify reaction rims at glassy fragments 
edges, informing us about the spatial distribution of 
hydraulic phases.  
Finally, the overall obtained results not evidenced 
a strict relation among spatial distribution and reac-
tivity level of volcanic aggregates, neither a system-
atic association between the compositional variabil-
ity and the stratigraphy of covering mortars, sug-
gesting that the occurrence of different mixtures has 
to be related to subsequent interventions on the 
tower, operated by different artisans and workshops. 
Thus, we can hypothesise that even if fine-grained 
volcanic ash were probably added to confer hydrau-
lic character to the mixtures, the ranging in grain size 
evidenced by macro and microscopic observations 
meet more credibly aesthetical requirements, kept 
unaltered over the time and over the building levels. 
Concluding, following the main aim of the re-
search, namely validate LIBS in micro-chemical stud-
ies on ancient mortars and particularly in obtaining 
spatial distribution and chemical related data, we 
can finally state that the method is suitable to study 
aggregates grain features and obtain qualitative in-
formation on the hydraulic character of mortars, 
supported by spatial arrangement information. Ob-
tained data appears in good agreement with SEM-
EDS results, suggesting the method as adequate 
enough for rapid and preliminary characterization of 
artificial stone materials with a micro-destructive 
and not too time-consuming approach. Of course, to 
include micro-LIBS mapping in routine methods for 
mortar studies, a larger set of materials should be 
systematically investigated, trying also to go behind 
the merely qualitative approach and evaluating the 
possibility to extract quantitative data. 
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